The use of a dielectric continuum model for the characterization of solid surfaces was combined for the first time with inverse gas chromatography. Extension of dielectric continuum models to adsorption from the gaseous phase allowed the distributed surface properties of solid surfaces to be determined. An inverse gas chromatograph was used for the measurement of adsorption equilibria as a quick alternative to time-consuming measurements by gravimetric or volumetric set-ups. Combination of the two techniques allowed the rapid determination of the distributed properties of solid surfaces to be effected and the results were interpreted in a fundamental physical sense. This led to a novel and promising way for the rapid and exact characterization of solid surfaces.
INTRODUCTION
The characterization of solid surfaces is relevant in various fields of chemical engineering science, e.g. the knowledge of distributed or mean surface parameters is necessary for the calculation of many applications such as crystallization, adsorption, heterogeneous catalysis, stabilization of nanoparticles and of re-dispersible agglomerates. However, at present, only interactions between fluid molecules can be calculated. Due to their complex structures, the characterization of solid surfaces through the sole use of the independent physical properties of the solids is still a challenge. Thus experimental data, e.g. adsorption isotherms, have to be used for the determination of solid surface properties. The most common experimental systems used for the measurement of adsorption isotherms are gravimetric and volumetric set-ups. Their main advantage is their high level of reproducibility, but the measurements are very time-consuming and expensive because adsorption equilibrium must be established for each data point. Only one peak needs to be analyzed when inverse gas chromatography is used in conjunction with the 'Elution of a Characteristic Point' method for determining adsorption isotherms. Thus, an interesting objective would be to use this method as a rapid alternative.
In parallel with the new experimental methods, a completely new strategy for the characterization of solid surfaces and the prediction of interactions between fluids and solids was developed. Due to the increasing capabilities of computers, quantum chemical methods and especially density functional methods (DFT) have become reliable and efficient for the calculation of molecular properties in the gaseous phase. Combined with dielectric continuum solvation methods [for reviews, see Cramer and Truhlar (1995) and Tomasi and Persico (1994) ], these methods can be used for the calculation of free energies as well as other properties of molecules in solvents. The ConductorLike Screening Model (COSMO), presented by Klamt and Schüürmann in 1993 and generalized *Author to whom all correspondence should be addressed. E-mail: C.Mehler@lfg.mw.tu-muenchen.de.
by Klamt in 1995 for a more realistic treatment of solvents (COSMO-RS), is a highly efficient variant of these continuum solvation methods. For the first time, this method allows the predictive calculation of vapour pressures, activity coefficients and phase equilibria based on quantum chemical calculations. The only information necessary for the calculation is the molecular structure of the components concerned. These calculations are suited for pure and mixed fluids of known composition, but they have also been applied successfully to polymers. However, thermophysical data of systems (including fluids) of chemically less well-defined composition (e.g. heterogeneous solids of unknown surface composition) cannot be calculated directly. Nevertheless, there is an indirect way to treat such systems and to characterize every arbitrary surface by the use of adsorption equilibria.
iGC EXPERIMENTS
The concept applied Sorption isotherms were calculated using the ECP method [based on the method of Cremer and Huber (1962) ] and Henry's law coefficients were determined. For such calculations, partial pressures were obtained from the peak height, h, and the net retention volume, V N , from the retention time:
where w is the carrier gas flow rate, m the sample mass, T c the column temperature, T 0 a reference temperature, i.e. 273 K, t c the gross retention time, t 0 the dead time and j the James-Martin correction for the pressure drop across the column. The net retention volume was divided by the gas constant and the column temperature to obtain the pressure-related retention volume.
The partial pressure was obtained from the peak height via the equation (Guiochon 1994 ):
where B is the conversion factor calculated according to equation (3) (Guiochon 1994) :
In equation (3), F is the area under the peak, p sat is the saturation pressure of the gas probe molecule, p/p 0 denotes the relative pressure, i.e. the ratio of the partial pressure to the vapour pressure at the measurement temperature, and V loop is the volume of the gas probe loop.
A plot of the pressure-related retention volume versus the partial pressure represents the first derivation of the isotherm. Graphical or numerical integration give the actual isotherm.
Experimental set-up
Three types of activated carbons were investigated: SA4 (Norit: source, peat), F400 (Chemviron: source, coal) and STA04 (Imperial College, London: source, contaminated soil). All sorption experiments were carried out using an iGC 2000 instrument (Surface Measurement Systems Ltd., UK). The materials were packed into standard columns (0.2 cm i.d., 30 cm length). Samples SA4 and STA04 were diluted with glass beads (< 100 mm, ratio 1:10) to reduce the pressure drop across the column. Measurements were performed with various alkanes and polar probe molecules, all HPLC grade and supplied by Aldrich. Prior to the measurements, a pre-treatment was carried out for 2 h at 623 K to remove impurities adsorbed on the surface. After such pre-treatment, pulse injections were performed by a 0.25-ml gas loop at 623 K at a concentration of 0.01p/p 0 (injection pressure).
iGC results Figure 1 shows the Henry isotherms of ethanol, acetonitrile and ethyl acetate on Chemviron activated carbon as determined by iGC. The data were corrected for gas-phase diffusion using the van Deemter equation as demonstrated by Katsanos et al. (1998) . The Henry's law coefficient was calculated via the net retention volume V N : 
THEORETICAL STRATEGY
COSMO-RS (Klamt 1995 (Klamt , 1998 Klamt et al. 1998 ) is a novel theory combining the concepts of quantum theory, dielectric continuum models, surface interactions and statistical thermodynamics. This model was developed by Klamt and Schüürmann in 1993 and generalised by Klamt in 1995 to allow a better treatment of real solvents. Since a full derivation of the theory of COSMO-RS is far beyond the scope of this article, only a short summary of the essentials will be given here. The interested reader is referred to extensive discussions elsewhere (Cramer and Truhlar 1995; Klamt 1995 Klamt , 1998 Klamt , 2002 Klamt and Schüürmann 1993; Klamt et al. 1998 Klamt et al. , 2001 Jorgensen 1998; Schäfer et al. 1999 Schäfer et al. , 2000 Duffy and Jorgensen 2000; Jorgensen and Duffy 2000; Hansch and Leo 1979; Duban et al. 2000; Abraham 1993; Gmehling 1998; Busalla 1996; Avdeef et al. 2000; Ahlrichs et al. 1989; Mehler et al. 2002; Clausen 2001) . A liquid system is considered as an ensemble of molecules of different kinds, including solvent and solute. For each kind of molecule X, a density functional (DFT) calculation is performed to ascertain the total energy, E X COSMO , and the polarization (or screening) charge density (SCD), s, on its molecular surface. This is an extremely good local descriptor of molecular surface polarity.
For the purpose of calculation efficiency, the liquid ensemble of molecules is now considered as an ensemble of pair-wise interacting molecular surfaces. The most important parts of the specific interaction between molecular surfaces, i.e. electrostatic (es) and hydrogen bonding (hb), are expressed by the SCDs s and s¢ of the contacting surface pieces:
The three parameters a¢, C hb and s hb may be adjusted to a large number of thermodynamic data. Since all relevant interactions depend on s, the charge frequency distribution functions p X (s) (the 's-profiles') are required for the statistical thermodynamics calculation and can be derived from the COSMO output. As shown in Figure 2 , the s-profiles provide a vivid picture of the molecular polarity; i.e. the polar water molecule has a very wide s-profile, while the s-profile of the almost non-polar hexane is very narrow. A detailed discussion has been provided by Klamt (1995) and Klamt et al. (1998) . The s-profile p S (s) of the ensemble S is simply calculated as the sum of the molecular s-profiles weighted by their mole fractions.
The chemical potentials of the compounds in the solvent are calculated by a novel, exact and very efficient statistical thermodynamics procedure. The first step is the iterative solution of equation (7) below:
in which a eff denotes an effectively independent piece of molecular area. The implicit equation (7) can easily be solved by iteration on a PC. The function m S (s) is called a s-potential and is a measure of the affinity of solvent S for surface patches of polarity s. This is a very characteristic function for each solvent. Examples are given in Figure 3 . These s-potentials describe the solvent behaviour with respect to electrostatics, the affinity to act as an acceptor or donor of hydrogen bonds (HB-affinity), and hydrophobicity. In a second step, the s-potential is integrated over the surface of each compound X, yielding the chemical potential of X in S:
The surface integral in this equation is evaluated as a s-integral, making use of the s-profile of the solute X. Size and shape effects of solute and solvent are taken into account by the combinatorial contribution m X comb S . This is usually small compared to the first term in equation (8) which results from the surface interactions. It is sufficient here to consider it as a solvent-specific constant.
Because of this series of relatively simple steps starting from a quantum chemical calculation for each compound, an expression for the chemical potential of an almost arbitrary chemical compound X in an almost arbitrary solvent S was found. This procedure may be applied to a pure compound or a mixture and allows the calculation of any partition coefficient as well as the solubility.
EXTENSION OF COSMO-RS TO ADSORBENTS
Quantum chemical and DFT calculations are reliable methods for the a priori prediction of thermophysical data and phase equilibria of pure fluids and liquid mixtures of a well-defined composition. Nevertheless, it is not possible to determine the s-profile or the s-potential if there are one or more phases involved which are either chemically less well-defined or which are disordered (but not really liquid) or both. Thus, the calculation given above is not suitable so far for the characterization of solid surfaces. However, an indirect treatment of such phases by the COSMO-RS method is possible by the following extension.
Consideration of a large number of different solvents led to the finding (see also Figure 3 ) that s-potentials can be approximately described by a Taylor 
and
The highest order of the polynomial contributions [equation ( 
Using equation (9) for µ S (s), any partition coefficient between two solvents S and S' can be expressed in the form: 
Equation (13) is identical with the molecular surface. The second moment is an excellent measure of the overall polarity of the solute and the third moment is a measure of the asymmetry of the s-profile. The hydrogen-bond moments are a quantitative measure of the acceptor and donor capacities of the compound X, respectively.
APPLICATION TO ADSORPTION EQUILIBRIA
In the first step we regarded adsorption from the gaseous phase to be in the Henry's law regime on activated carbons, measured both with a conventional gravimetric set-up and with the iGC method on different active carbon materials. In the very low concentration range, one can assume that the interactions between the adsorbed molecules are due to their very small spatial distance and the change of composite s-profiles can be neglected. On heterogeneous adsorbents like activated carbon, which have energetically different adsorption sites, the higher energy sites will be occupied first and, with increasing concentration, the lower energy sites will be occupied sequentially. Thus, the isotherm would be expected to exhibit a curved shape. Nevertheless, at very low pressures, a linear increase of the adsorbed amount n X with increasing pressure p X could be detected (within the scope of experimental precision):
Hence, the adsorption can be described with the Henry constant H X as the sole parameter.
Correlation with the s s s s s-moments
The low-pressure adsorption coefficients H X can be considered as partition coefficients of the adsorbates between the 'absorbents phase' and a reference phase. Hence, they would be expected as being described by a s-moment regression, as discussed above. Here we will consider the application of this COSMO-RS s-moment approach to adsorption from the gaseous phase on to an activated carbon as determined by gravimetric measurements and inverse gas chromatography. Most of the gravimetrically measured data sets were collected from the literature (Togunaga et al. 1988; Fill 1999; Costa et al. 1989; Nitta et al. 1991; Chatzopoulos and Varma 1993; Miyahara and Okazaki 1992; Radke and Prausnitz 1972; Eiden and Schlünder 1990; Kaul 1987; Sievers 1993; Maurer 2000) while some were data from our own measurements. Activated carbon is a heterogeneous material both because of impurities and to different conditioning treatments being applied prior to measurements. Interestingly, both the Henry coefficients measured gravimetrically and those measured by inverse gas chromatography could be predicted surprisingly well by this model.
In the first step, the s-moments for each adsorbate were calculated using the COSMOtherm program (16) It turned out that the third and higher moments were not significant.
As shown in equations (9)- (14), the s-profiles can be calculated by a Taylor-like expansion with the regression parameters. Hence, the gaseous phase may be considered as a second solvent and the chemical potential of component X in the gaseous phase can also be calculated with COSMOtherm. The reader interested in details is referred to the work of Klamt (1995) , Klamt et al. (1998) and . To compare the inverse gas chromatography with common methods (gravimetric measurement), analogous to the data from gravimetric measurements, a direct s-moment regression was first performed: 
The results of the regression are shown in Figure 4 . Then the chemical potential functions of the different activated carbons were calculated using equation (14). The results are shown in Figure 5 .
Physical interpretation
As shown in equation (14), the partition coefficients may be calculated from the integrated product of the s-potential of the solid and the s-profile of the adsorptive. Thus, the chemical potential functions include information about the properties of the activated carbons. Note that a high ability to interact with surface patches of charge s was indicated by a low s-potential for the charge s.
Since M X 0 is the molecular area (in Å 2 ), the coefficient of this moment took account of all surface proportional interactions, which may be dispersion (or van der Waals) energies, cavitation energies and various smaller contributions. As the temperature employed for the iGC measurements (= 623 K) was significantly higher than that for the gravimetric measurements (= 300 K), the van der Waals' energies were lower for the iGC measurements. Using the temperature dependence for the van der Waals' contribution , one would expect a decrease of the coefficients of the zero-th moment at 623 K to ca. 33% of that at 300 K. This fact was well demonstrated by the regression parameters found for the iGC measurements: chemical potential functions in the region of non-polar charges. Interestingly, as all s-potentials are similar in this region, the surface proportional interactions are almost constant for all activated carbons. This fact was also noticed by Maurer et al. (2001) . They showed that the adsorption isotherms for non-polar and low-polar molecules on activated carbons may be calculated through the use of one average Hamaker constant as the solid parameter. The dielectric energy is the difference between the gas-phase energy and the COSMO energy, i.e. the energy of a solute X in a conductor can be calculated as the energy of the solute solvated in a vacuum. Since molecules in a vacuum are not polarized, the COSMO-RS misfit energy in this case is just the surface integral of s 2 over the surface of the solute. However, this is identical to the second moment. Thus, the second moment is a measure for electrostatic interactions. The validity of this relation has been shown in the diagram given by Klamt et al. (1998) . The positive coefficient in all equations results from the fact that the condensed phase, i.e. the adsorbate, is capable of favourable electrostatic interactions with the adsorbate whereas there are less electrostatic interactions in the gaseous phase.
The coefficient of the hydrogen-bond donor moment M X don expresses the ability of the phases to interact with donors, i.e. to act as acceptors. Hence, the large positive coefficients in all Figure 5 . Chemical potential functions of activated carbons characterized by gravimetrically measured adsorption isotherms and inverse gas chromatography: F, different activated carbons, gravimetric measurements at 300 K; Ñ, Chemviron F400 activated carbon, iGC measurements at 623 K; , STA04 activated carbon, iGC measurements at 623 K; {, Norit SA4 activated carbon, iGC measurements at 623 K.
equations correspond to the fact that activated carbon has a high donor capacity due to the oxygenated sites on the surface. The different shapes of the s-potentials in the region of negative charges show the differences between the activated carbons concerning the donor capacity. Compared with the shape of the chemical potential function for measurements at 300 K, the donor capacity of the activated carbons at 623 K was much stronger. From the theoretical point of view, one would expect the opposite because the strength of polar bindings decreases faster with increasing temperature than the dispersive forces. For example, using the temperature dependence published by , the hydrogen-bonding contribution at 623 K was only 22% that at 300 K. This finding leads to the assumption that the increase in hydrogen-donor capacity at 623 K was caused by changes in the surface composition: -At 300 K, bonded water on the oxygenated sites of the carbon surface decreased the hydrogenacceptor properties. In contrast, at 623 K the water clusters on the hydrogen-acceptor sites were desorbed and thus the unscreened oxygen groups could interact with the adsorptives and increase the donor affinity of the surface.
-Analysis of the surface chemistry by thermal programmed desorption was based on the decomposition of functional groups at temperatures between 450 K and 1300 K (Zielke et al. 1996) . It is assumed that higher temperatures led to hydrogen donation of the oxygenated groups on the surface and thus to a significant increase in the donor capacity of the activated carbons at 623 K. In a similar manner to the acceptor moment, the coefficient of the hydrogen-bond acceptor moment M X acc expresses the ability of the phases to interact with acceptors, i.e. to act as donors. Interestingly, the coefficient of the gravimetric measurements was positive and all coefficients determined from the iGC measurements were negative. This fact can be explained by the significantly higher temperature employed for the iGC measurements. It is well known that water and hydrogen are removed upon heating, i.e. hydrogen donors are converted into hydrogen acceptors. The negative contribution of the acceptor moments led to the finding that the hydrogen-acceptor capacity of the activated carbons at 623 K was much lower than that of the gaseous phase.
SUMMARY AND OUTLOOK
It was shown that measurements by inverse gas chromatography combined with the extension of COSMO-RS to adsorption from the gaseous phase provided a promising technique for the rapid characterization of solid surfaces. The method of prediction presented was based on s-moments derived directly from the polarization charge distributions from ab initio calculations. At present, this method is restricted to highly dilute solutions. The characteristics of the gaseous phase and of the adsorbing solid were contained in the regression parameters as well as in the chemical potential functions. The results could be interpreted in a fundamental physical sense.
iGC was demonstrated to be a very sensitive and fast method for the determination of low concentration isotherms.
As a next step, we intend to use the information about the adsorbing solid that is covered in the regression parameters to derive an approximate s-profile p X S for the solid. With a knowledge of this profile, we should be able to extend the method to finite adsorbate concentrations using the standard COSMO-RS equations.
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